Background-Despite accumulating evidence that proves the pivotal role of endothelial progenitor cells (EPCs) in ischemic neovascularization, the key signaling cascade that regulates functional EPC kinetics remains unclear. Methods and Results-In this report, we show that inactivation of specific Jagged-1 (Jag-1)-mediated Notch signals leads to inhibition of postnatal vasculogenesis in hindlimb ischemia via impairment of proliferation, survival, differentiation, and mobilization of bone marrow-derived EPCs. Bone marrow-derived EPCs obtained from Jag-1 Ϫ/Ϫ mice, but not Delta-like (Dll)-1 Ϫ/Ϫ mice, demonstrated less therapeutic potential for ischemic neovascularization than EPCs from the wild type. In contrast, a gain-of-function study using 3T3 stromal cells overexpressing Notch ligand revealed that Jag-1-mediated Notch signals promoted EPC commitment, which resulted in enhanced neovascularization. The impaired neovascularization in Jag-1 Ϫ/Ϫ mice was profoundly rescued by transplantation of Jag-1-stimulated EPCs. Conclusions-These data indicate that specific Jag-1-derived Notch signals from the bone marrow microenvironment are critical for EPC-mediated vasculogenesis, thus providing an important clue for modulation of strategies for therapeutic neovascularization. (Circulation. 2008;118:157-165.) 
G rowing evidence indicates that the perturbation of Notch signaling leads to dysfunctional behavior of the vascular system. 1 A human degenerative vascular disease, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), is related to mutations in the Notch3 receptor. Alagille syndrome, caused by mutation of the Jagged-1 (Jag-1) gene, is a pleiotropic developmental disease that is accompanied by features of congenital heart defects with cardiovascular anomalies. 2 Murine genetic studies that generate loss or gain of function of Notch receptors or ligands have exhibited abnormalities in blood vessel formation, such as impaired proliferation and migration of endothelial cells (ECs) 3 and arterial-venous identification. 4 -7 These findings indicate the involvement of Notch1, 7 Notch3, 8 and Notch4 7 receptors, as well as Deltalike ligand (Dll)-4 4, 5 and Jag-1 9 ligands, in vascular formation. Recently, Notch ligand, especially Dll-4, has been focused on as an essential regulator for tumor angiogenesis and vascular development in terms of ligand signal control from tissue environment for EC bioactivity through Notch receptors. 10, 11 
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Although pioneered in the field of vascular biology, especially in terms of EC morphogenesis for blood vessel development and EC determination of arterial-venous specification, the role of Notch signal in stem cell-related postnatal vasculogenesis has not been investigated. Endothelial progenitor cells (EPCs) derived from bone marrow (BM) play an important role in the promotion of vascular and tissue repair in physiological and pathological conditions, such as coronary or peripheral vascular diseases. [12] [13] [14] BM-derived EPCs are committed and differentiated from hemangioblastic stem cells, [15] [16] [17] a common stem cell for EPCs and hematopoietic stem cells (HSCs), into endothelial lineage and mobilized from BM into circulating blood, then recruited into sites of ischemia and interaction with tissue-specific cells to regenerate blood vessels in organs. Because vasculogenesis is essential for adult neovascularization, [12] [13] [14] and given the angiogenesis mechanism, the Notch ligand/receptor systems could play a key role in the functional kinetics of BM-derived EPCs.
In BM, Notch ligands, especially Jag-1 and Dll-1, are expressed mainly by osteoblasts, stromal cells, ECs, and hematopoietic stem/progenitor cells. 3,18 -20 These cells consist of microenvironmental niches for HSC self-renewal and commitment for hematopoietic maintenance, which has been of great interest recently. [21] [22] [23] [24] The interaction between osteoblasts that express Notch ligands and HSCs that express Notch receptors is considered to be one of the key molecular mechanisms underlying the regulation of HSC function in the BM niche.
Considering the common origin and localization of HSCs and EPCs, [15] [16] [17] we were interested in controlling EPC maintenance and kinetics by modulating Notch signals in BM niches. EPC proliferation, commitment from hemangioblast, differentiation as an endothelial phenotype, and mobilization into circulation for vascular maintenance could be regulated by certain pathways triggered by specific Notch ligandmediated signals in BM environments. The purpose of the present study was to investigate the role of specific Notch ligands, Jag-1 and Dll-1, on EPC biology in BM through a loss-of-function study using conditional knockout mice and a gain-of-function study using a coculture system with a gene-modified stromal cell line.
Methods

Animals and Stromal Cell Line
Conditional Jag-1 Ϫ/Ϫ mice (loxP/loxP, mxCre) or conditional Dll-1 Ϫ/Ϫ mice (loxP/loxP, mxCre) were generated as reported previously. 20, 25 For gene targeting, polyinosinic:polycytidylic acid ( poly I:C; 200 g/200 L) was administered intravenously 4 times over a period of 12 days (once every 3 days). For the gain-of-function study, 3T3 stromal cells in which Jag-1, Dll-1, or empty vector was transduced retrovirally were cultured in DMEM with 10% fetal bovine serum.
Evaluation of EPC Bioactivity: EPC Colony Assay, Migration Assay, Proliferation Assay, Apoptosis, and Gene or Protein Assay
After BM c-kit ϩ /Sca-1 ϩ /lineage (Lin) Ϫ cells (KSLs) and peripheral blood (PB)-mononuclear cells were isolated, we performed an EPC colony-forming assay, recently established in our laboratory. To investigate the different functions of EPCs under various conditions, a migration assay, proliferation assay, apoptosis assay, and expression analysis of both gene and protein were performed.
Evaluation of EPC Kinetics in the Hindlimb Ischemia Model
A hindlimb ischemia model was generated to evaluate in vivo EPC functions, such as capacity for blood vessel regeneration, mobilization from BM, incorporation into sites of neovascularization, and survival of endogenous cells. A more detailed and expanded description of the materials and methods used is provided in the online-only Data Supplement.
Statistical Analysis
All data are presented as meanϮSEM. The results were analyzed statistically with the use of the software package Statview 5.0 (Abacus Concepts Inc, Berkeley, Calif). A paired t test was performed to compare the bromodeoxyuridine (BrdU) incorporation rate of EPCs before and after hindlimb ischemia. Scheffé's test was performed for multiple comparisons after ANOVA between each group. A P value Ͻ0.05 was considered to denote statistical significance.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Loss of Jag-1-Mediated Notch Signal Impairs EPC Commitment and Mobilization From BM
To prove the significance of Notch ligand for EPC biology, we analyzed EPC kinetics in conditional Jag-1 or Dll-1 null mice, which were generated by cre/loxP systems and induced in a timely manner by administration of poly I:C in postnatal stages. In this system, reverse-transcription polymerase chain reaction revealed that expression of Jag-1 or Dll-1 was decreased drastically in BM stromal cells ( Figure 1A) and KSLs (online-only Data Supplement Figure Ib) in Jag-1 null or Dll-1 null mice, respectively, compared with wild-type mice. In contrast, no significant differences between Jag-1 null, Dll-1 null, and wild-type mice were found with regard to expression levels of Notch receptors in BM stromal cells (online-only Data Supplement Figure Ia) or KSLs (onlineonly Data Supplement Figure Ic) . The frequency of KSLs in BM-Lin Ϫ cells was similar in Jag-1 null, Dll-1 null, and WT mice ( Figure 1B ). Flow cytometry analysis of BM mononuclear cell samples demonstrated that the frequency of Flk-1 (VEGFR2 [vascular endothelial growth factor receptor-2]) ϩ / CD31 ϩ or Flt-1 (VEGFR1) ϩ /CD31 ϩ cells in Sca-1 ϩ /Lin Ϫ cells, the EPC-enriched cells, decreased significantly in Jag-1 Ϫ/Ϫ mice compared with Dll-1 Ϫ/Ϫ mice and wild-type mice ( Figure 1C ). To determine whether the impaired EPC commitment was accompanied by a defect in vasculogenic capacity in Jag-1 Ϫ/Ϫ mice, BM KSLs from Jag-1 Ϫ/Ϫ , Dll-1 Ϫ/Ϫ , or wild-type mice were allowed to form a cluster of EPC colonies with spindle-like morphology. KSLs from Jag-1 Ϫ/Ϫ mice indeed formed fewer EPC colonies than wild-type KSLs, although the absence of Dll-1 in KSLs did not lead to significant defects in vasculogenic capacity ( Figure 1D ). The effect of Notch signaling on the vasculogenic capacity of EPCs was also evaluated by experimental inhibition of Notch signals in BM-KSLs with ␥-secretase II, which blocks the cleavage steps of the intracellular domain of Notch receptors, revealing that the inhibition of Notch signals resulted in a significant decrease in EPC colony-formation activity (online-only Data Supplement Figure II) .
To evaluate the kinetics of EPCs mobilized from BM, PB mononuclear cells were isolated and analyzed by both EPC culture assay and EPC colony-forming assay. Importantly, the EPC culture assay indicated that the number of attached EPCs that represented uptake of acetylated LDL and expression of the endothelial markers isolectin B4, Flk-1 (VEGFR2), and/or endothelial nitric oxide synthase was significantly less in Jag-1 Ϫ/Ϫ mice than in either Dll-1 Ϫ/Ϫ or wild-type mice (online-only Data Supplement Figures IIIa, IIIb, and IIIc). The EPC colony-forming assay also demonstrated the significantly impaired vasculogenic capacity of PB mononuclear cells in Jag-1 Ϫ/Ϫ mice compared with Dll-1 Ϫ/Ϫ or wild-type mice (online-only Data Supplement Figure IIId) .
These findings suggest that Notch signaling, especially the Jag-1-mediated signal, is crucial for EPC commitment and mobilization in BM.
Loss of Jag-1-Mediated Notch Signal in BM Impairs EPC Bioactivities In Vitro
To test the effect of switching off Notch signals on ischemiainduced EPC proliferation, we examined the frequency of BrdU ϩ cells in Sca-1 ϩ /Lin Ϫ cells obtained from Jag-1 Ϫ/Ϫ , Dll-1 Ϫ/Ϫ , or wild-type mice before and 4 days after hindlimb ischemia. Ischemia partially induced BrdU incorporation in wild-type EPCs (preischemia 1.71Ϯ0.45%, postischemia 3.4Ϯ0.55%, PϽ0.01) and Dll-1 null EPCs (preischemia 1.65Ϯ0.52%, postischemia 3.51Ϯ0.43%, PϽ0.01); however, such an ischemia-induced effect was not observed in Jag-1 null EPCs (preischemia 1.52Ϯ0.32%, postischemia 1.72Ϯ0.65%, PϭNS; Figure 1E ). These data support the hypothesis that Jag-1-mediated signals are critical for the proliferation of EPC-enriched cells in response to ischemia.
To clarify the effect of Notch signals on the survival potential of EPCs, we performed an in vitro terminal dUTP nick end-labeling (TUNEL) assay using BM Sca-1 ϩ /Lin Ϫ cells obtained from Jag-1 Ϫ/Ϫ , Dll-1 Ϫ/Ϫ , or wild-type mice 4 days after hindlimb ischemia. As shown in Figure 1F , the frequency of apoptotic cells in EPC-enriched cells was significantly greater in Jag-1 Ϫ/Ϫ mice than in Dll-1 Ϫ/Ϫ or wild-type mice.
To further investigate the modulation of BM EPC biology by Notch signals, we performed an in vitro invasiveness assay, a modified Boyden chamber invasiveness analysis. The assay exhibited marked impairment of the stromal Figure 1 . Impairment of endothelial commitment, proliferation, and invasiveness of EPCs in BM of conditional Jag-1 Ϫ/Ϫ mice. A, Generation of conditional knockout (KO) mice lacking Jag-1 or DII-1 gene. Reverse-transcription polymerase chain reaction confirmed specific deletion of Jag-1 or Dll-1 mRNA expression in BM stromal cells obtained from each of the KO mice. WT indicates wild type. B, Frequency of KSLs in BM was similar in WT, Jag-1 KO, and Dll-1 KO mice (nϭ3 in each group). C, Fluorescence-activated cell sorting analysis for CD31 and Flt-1 (VEGFR1) or Flk-1 (VEGFR2) using BM Sca-1 ϩ /Lin Ϫ cells obtained from WT, Jag-1 KO, or Dll-1 KO mice. Frequency of Flt-1 ϩ /CD31 ϩ or Flk-1 ϩ /CD31 ϩ cells, which are EPC-enriched populations, in Sca-1 ϩ /Lin Ϫ cells was drastically lower in Jag-1 KO mice but not in Dll-1 KO mice compared with WT mice (nϭ3 in each group). D, EPC colony-forming assay was performed by incubation of BM-KSLs from WT, Jag-1 KO, or Dll-1 KO mice in methyl cellulose-containing medium, supplemented by several cytokines as the driving force for endothelial differentiation. Left, Representative EPC colony clusters with a spindlelike morphology; Right, significant inhibition of EPC colony-forming capacity in Jag-1 KO mice but not Dll-1 KO mice compared with WT mice. CFU indicates colony-forming unit. **PϽ0.01 (nϭ3 in each group). E, BrdU proliferation assay was performed with BM Sca-1 ϩ /Lin Ϫ cells of WT, Jag-1 KO, or Dll-1 KO mice 14 days after induction of hindlimb ischemia. Frequency of BrdU ϩ /Sca-1 ϩ cells in BM-Lin Ϫ cells was significantly lower in Jag-1 KO mice but not Dll-1 KO mice compared with WT mice. **PϽ0.01 (nϭ5 per group). F, Frequency of TUNEL-positive cells in BM Sca-1 ϩ /Lin Ϫ cells 3 days after hindlimb ischemia was significantly greater in Jag-1 KO mice than in Dll-1 KO and WT mice. *PϽ0.05 (nϭ3 in each group). G, In vitro invasiveness assay with BM Sca-1 ϩ /Lin Ϫ cells from WT, Jag-1 KO, or Dll-1 KO mice 3 days after hindlimb ischemia. Number of cells invading into methyl cellulose was significantly lower in Jag-1 KO mice but not Dll-1 KO mice compared with WT in the presence of stromal cell-derived factor-1 (SDF-1), although invasiveness activity was similar in all groups in the absence of stromal cell-derived factor-1. HPF indicates high-power field. **PϽ0.01 (nϭ4 per group).
cell-derived factor-1-induced invasiveness in Jag-1 null EPCs but not Dll-1 null EPCs ( Figure 1G ), which implies that Jag-1-mediated Notch signals play an important role in the motility of EPCs in the BM microenvironment. Thus, Jag-1mediated Notch signals are crucial for various EPC functions such as proliferation, antiapoptosis, and invasiveness.
Loss of Jag-1-Mediated Notch Signals in BM Attenuates EPC Contribution for Vasculogenesis In Vivo
To test the involvement of Notch signals in vascular regeneration, we induced hindlimb ischemia by ligating the femoral arterial structure in conditional Jag-1 Ϫ/Ϫ , Dll-1 Ϫ/Ϫ , or wild-type mice. The recovery of hindlimb perfusion was delayed significantly by inactivation of Jag-1-mediated but not Dll-1-mediated Notch signals (Figures 2A and 2B ), which suggests a specific role for Jag-1-mediated Notch signals in ischemic neovascularization.
To evaluate the possible role and contribution of Notch signals for EPC function in ischemic recovery in vivo, we next transplanted the EPC-enriched cells (Sca-1 ϩ /Lin Ϫ cells) obtained from BM of Jag-1 Ϫ/Ϫ , Dll-1 Ϫ/Ϫ , or wild-type mice into nude mice with hindlimb ischemia. Transplantation of the BM-EPCs from wild-type or Dll-1 Ϫ/Ϫ mice significantly improved hindlimb perfusion compared with PBS injection. In contrast, BM-EPCs from Jag-1 Ϫ/Ϫ mice failed to augment hindlimb perfusion ( Figure 3A ). Histological assessment of capillary density also revealed enhanced neovascularization after transplantation of EPCs from wild-type or Dll-1 Ϫ/Ϫ mice but not Jag-1 Ϫ/Ϫ mice ( Figure 3B ). These findings strongly indicate the essential role of Jag-1-mediated Notch signaling in BM-EPCs with regard to their vasculogenic potential in ischemic diseases.
Gain of Jag-1-Mediated Notch Signal From Stromal Cells Stimulates BM-EPC Commitment and Differentiation
The present data from loss-of-function studies indicate that Notch systems could regulate the kinetics of BM-EPCs for vasculogenesis. To further confirm the critical role of Notch signals from BM microenvironments for EPC bioactivity, we established an insert culture system by coculturing BM Lin Ϫ cells together with 3T3 stromal cells overexpressing Notch ligand, Jag-1, or Dll-1 ( Figure 4A ), in which activation of each Notch signal was confirmed by reverse-transcription polymerase chain reaction analysis ( Figure 4B and 4C) and luciferase assay (data not shown). This analysis revealed that expression of Notch receptor 1, 2, 3, and 4 was similar after coculture with either of the Notch ligand-expressing stromal cells (online-only Data Supplement Figure IVb) .
To assess the effect of Notch ligand signaling on EPC differentiation, the percentage of BM-Lin Ϫ cells positive for CD31 and Flk-1 (VEGFR 2), which are typical EPC markers, was determined by flow cytometric analysis. Importantly, the population of CD31 ϩ /Flk-1 ϩ cells was remarkably increased in BM Lin Ϫ cells stimulated by Jag-1-mediated signals but not Dll-1-mediated signals ( Figure 4D ). The signal intensity of CD31 and Flk-1 in BM Lin Ϫ cells also increased after stimulation with Jag-1-mediated signals but not Dll-1-mediated signals (online-only Data Supplement Figure Va) . Moreover, the cellular mRNA level of EPC markers such as CD31, Flk-1, or vascular endothelial cadherin was elevated in the Jag-1 group compared with the Dll-1 and empty-vector groups. In contrast, the cellular mRNA level of vascular endothelial growth factor was similar in all groups ( Figure  4E ). To obtain more concrete evidence for enhancement of EPC differentiation by Notch signals, we performed in vitro EPC culture assay using BM-Lin Ϫ cells cocultured with stromal cells expressing various Notch ligands. Fluorescent microscopic examination revealed that the number of cells demonstrating both acetylated LDL uptake and isolectin B4 binding was significantly greater in the Jag-1 group than in the empty-vector group, whereas in the Dll-1 group, the number was comparable to that in the control group (onlineonly Data Supplement Figure Vb) . EPC colony-forming assay also clearly disclosed that specific induction of Jag-1mediated signals but not Dll-1-mediated signals contributed significantly to enhancement of the vasculogenic activity of BM-KSLs, which are considered to be the putative origin of EPCs in mice ( Figure 4F ). TUNEL staining further indicated that Jag-1-mediated, not Dll-1-mediated, signals significantly inhibited the apoptosis of the cultured EPCs ( Figure  4G ). Importantly, Jag-1-derived signals enabled the BM-Lin Ϫ cells to form a tubelike structure just 4 days after coculture. In contrast, Dll-1-derived signals, as well as empty-vector-derived signals, did not affect the morphological features of the EPC-enriched cells (online-only Data Supplement Figure IVa) . These data indicate that Jag-1mediated Notch signal augments the commitment and differentiation of BM stem/progenitor cells toward endothelial lineage.
Gain of Jag-1-Mediated Notch Signal Promotes Vasculogenic Property of BM-EPCs
To explore the effects of gain of function from Notch signals on the therapeutic potential of EPCs, we serially examined perfusion recovery after hindlimb ischemia and transplantation of BM-Lin Ϫ cells in which Notch signals were stimulated by coculturing with 3T3 stromal cells. Laser Doppler perfusion imaging revealed that recovery of blood flow in the ischemic hindlimb was significantly enhanced by transplantation of EPC-enriched cells stimulated by Jag-1-mediated but not Dll-1-mediated signals compared with infusion of PBS or empty-vector-transduced EPCs ( Figure 5A ). The favorable effect of stimulating Jag-1-mediated signal was also confirmed by histological assessment of capillary density ( Figure 5B ). Thus, augmentation of Jag-1-mediated signal may specifically enhance the therapeutic potential of the BM EPC-enriched fraction for ischemic neovascularization.
Homing of EPCs to sites of ischemia is an essential step for neovascularization. Therefore, we examined the effect of specific Notch ligand stimulation on the incorporation of putative EPCs into blood vessels of ischemic tissues. BM-Lin Ϫ cells obtained from GFP (green fluorescent protein) transgenic mice, cocultured with stromal cells overexpressing the distinct Notch ligand, were infused intravenously into nude mice with hindlimb ischemia. Histochemical staining for CD31, a typical marker of endothelial cells, revealed significantly abundant incorporation of GFP ϩ /CD31 ϩ cells into ischemic tissue in the Jag-1 group but not the Dll-1 group compared with the empty-vector and PBS groups ( Figure 5C ).
Finally, we examined the therapeutic potency of Jag-1-or Dll-1-stimulated EPCs in Jag-1 Ϫ/Ϫ mice with hindlimb ischemia, which is a model of Alagille syndrome and represents severe impairment of ischemic neovascularization. Recovery of hindlimb perfusion was augmented significantly in both the Dll-1-and empty-vector-stimulated EPC groups compared with the PBS group. Notably, perfusion recovery in Jag-1 Ϫ/Ϫ mice was further enhanced after transplantation of Jag-1-stimulated EPCs compared with infusion of Dll-1-or empty-vector-stimulated EPCs (Figure 6A and 6B) . These data provide critical evidence that augmentation of specific Jag-1-mediated signaling, not Dll-1-mediated signaling, from stromal cells enhances the vasculogenic potential of BM-EPCs for ischemic recovery. Effect of conditional deletion of distinct Notch signals on the therapeutic potential of EPCs for ischemic neovascularization. A, Representative laser Doppler perfusion imaging findings in nude mice 14 days after hindlimb ischemia and infusion of PBS or BM Sca-1 ϩ /Lin Ϫ cells (EPC-enriched population) obtained from wild-type (WT), Jag-1 knockout (KO), or Dll-1 KO mice (Left). Arrows show ischemic hindlimbs in each group. Recovery of ischemic hindlimb perfusion on day 14 was significantly greater in mice receiving WT EPCs or Dll-1 KO EPCs than in mice receiving PBS. In contrast, infusion of Jag-1 KO EPCs did not contribute significantly to perfusion recovery (Right). *PϽ0.05; **PϽ0.01 (nϭ8 per group). B, Representative isolectin B4 chemical staining in the ischemic hindlimb tissue of nude mice 28 days after infusion of PBS or EPCs from WT, Jag-1 KO, or Dll-1 KO mice (Left). Capillary density was significantly greater in mice receiving WT-EPCs or Dll-1 KO-EPCs than in mice receiving PBS, whereas transplantation of Jag-1 KO EPCs did not significantly increase capillary density (Right). *PϽ0.05; **PϽ0.01 (nϭ6 per group).
Discussion
The novel finding in the present study is that the specific Jag-1-mediated Notch signal promotes adult neovascularization by regulating functional kinetics of stem/progenitor cells in the BM microenvironment. We demonstrated that the Jag-1-induced signal evokes EPC commitment and differentiation in an in vitro gain-of-function study, as well as in an in vivo loss-of-function study, which eventually resulted in improvement of ischemia-induced neovascularization. In contrast, the Dll-1-induced Notch signal appeared to be dispensable for both commitment of EPCs in BM and recovery of blood flow from organ ischemia, at least in the postnatal stage, although Limbourg et al 26 recently showed that inadequate Dll-1-induced Notch signal from the embryonic to adult stages appeared to affect arteriogenesis.
In the loss of Jag-1 ligand function, but not Dll-1, we observed (1) fewer BM cells expressing endothelium-specific genes; (2) lower EPC colony-forming ability in BM; (3) less proliferative activity, invasive capacity, and survival bioactivity of the EPC-enriched fraction in BM; (4) impaired neovascularization in ischemic tissue; and (5) impaired po-tential of therapeutic vasculogenesis after EPC transplantation. A surprising finding in Jag-1 knockout mice was the drastic decrease in functional EPCs (ie, an 80% decrease of Flk-1 ϩ /CD31 ϩ /Sca-1 ϩ /Lin Ϫ cells in BM and Ͼ50% reduction in total EPC colony-forming capacity compared with wildtype or Dll-1 knockout mice). The fact that the loss of Jag-1 function resulted in a lower number of EPCs and impaired EPC biological function for vasculogenesis indicates the essential regulatory role of Jag-1 for EPC commitment from stem cells and EPC differentiation to acquire vasculogenic properties in BM.
Several reports have proposed that Notch signaling is actively involved in HSC maintenance/growth in osteoblastic niches in various experimental animal models. A study 23 using transgenic mice constitutively expressing active parathyroid hormone receptor under the control of collagen type IV promoter reported an increase in trabecular bone mass associated with overexpression of a Notch ligand, Jag-1, in osteoblasts. The authors of that report argued that the increase in BM HSCs is a direct consequence of the increased osteoblastic niche area and over- expression of Jag-1 in the niche cells. 23 Taken together with the present data in the loss-of-function studies, signal transmission between stromal cells expressing a Notch ligand, Jag-1, and EPCs expressing Notch receptors is considered to be the most essential molecular mechanism underlying the differential regulation of EPCs in the stromal niche in BM.
In the present analysis of Jag-1 Ϫ/Ϫ , Dll-1 Ϫ/Ϫ , and WT mice, we did not observe a significant difference in the number of KSLs ( Figure 1B) or their hematopoietic colony-forming capacity (data not shown) among the 3 groups as reported previously. 19 However, the development of EPCs from the stem cell pool evaluated by the in vitro EPC colony-forming assay was significantly impaired only in Jag-1 Ϫ/Ϫ mice. These facts suggest that the Jag-1-mediated Notch signal may exist in the marrow structure for specific regulation of EPC kinetics in response to demands of neovascularization, such as ischemic conditions.
To confirm the mechanism of regulating EPC commitment and differentiation in the BM stroma, we used a study of gain of Notch ligand function. An insert coculture system of BM-Lin Ϫ cells together with 3T3 stromal cells overexpressing Notch ligand (Jag-1 or Dll-1) demonstrated that precisely controlled gain of Jag-1 function in vitro promoted (1) endothelium-specific gene expression, (2) activity of EPC colony formation, (3) antiapoptosis bioactivity, (4) activity of both vascular endothelial growth factor-dependent proliferation and migration (online-only Data Supplement Figure Va and Vb), and (5) the potential of therapeutic vasculogenesis of hindlimb ischemia in BM-EPCs. These findings suggest that Jag-1 strongly drives the immature BM population to commit and differentiate into endothelial lineage, whereas Dll-1 is not involved at all, although downstream signals, such as Hes-1 and Hes-5, are equally stimulated. The finding that EPCs preconditioned by specific Jag-1dependent signaling were able to rescue the impaired vasculogenic potential in both athymic nude and Jag-1 null mice may open a novel gate for enhancing the potential of therapeutic neovascularization. Key mechanisms underlying this favorable phenomenon may be upregulation of EPC functions, including proliferation, differentiation, and migration, by exogenous Jag-1 signal, because the impaired EPC bioactivity in the Jag-1-deficient KSLs could be rescued by Jag-1-mediated signals (Figure 4 ; online-only Data Supplement Figures VI and VII) . Another possible mechanism may relate to the rescue signals for prevention of programmed cell death, because the present study indicates the antiapoptotic effect of preconditioning by Jag-1 signal on EPCs ( Figure  4G ). The antiapoptotic effect of Jag-1 signals was also confirmed in ischemic tissue after transplantation of the distinct Notch ligand-stimulated EPCs (online-only Data Supplement Figure VIII) . These combined effects of Jag-1 signaling on EPCs may contribute to augmentation of the vasculogenic potential.
The predominant view of Notch signaling is that any Notch ligand is capable of inducing consequential structural changes of Notch receptors for their cleavage and initiating the proteolytic cascade that ultimately leads to generation of a Notch intracellular domain. Very recently, several reports have propounded the concept that each Notch ligand might independently communicate with the receptor for a separate signaling cascade even in the same cell for hematopoiesis or ear regeneration. 25, 27 Ligand-specific signaling for vascular development in postnatal stages, however, has never been demonstrated. We demonstrated for the first time the specific role of Jag-1 in stimulating postnatal vasculogenesis, which was not observed in Dll-1-dependent signaling. As indicated by the recently discovered concept, elucidation of distinct Notch ligand/receptor communication would be fundamental to illustrating the governed and elaborated mechanisms of stem cell biology in BM environments, as well as the vascular biology involved in postnatal neovascularization for vascular repair.
